Background: Deep vein thrombosis (DVT) is a potentially fatal condition causing significant morbidity and mortality in the patient population. Ultrasound (USS) is the mainstay for detecting DVT. This can sometimes be difficult in hostile limbs due to factors such as large body habitus and oedema. This pilot study investigated contrast-enhanced ultrasound (CEUS) as a viable method to improve visualisation of the venous system of the lower limb. Methods: Patients at high risk for DVT were selected after an initial negative USS. A follow-up scan was performed 1 week later utilising standard B-mode imaging with a curvilinear 3-5 MHz transducer array. After the fundamental scan, intravenous Sonovue TM contrast was administered and visualisation of the proximal limb veins and visualisation gains in distance were mapped onto a proforma. Results: Twelve patients were selected. Visualisation was not improved in the common femoral vein (CFV) but increases in full visualisation were demonstrated in the femoral vein (FV) and popliteal vein (Pop V) from (n ¼ 8) 67% and (n ¼ 10) 83-100% in both veins, respectively. Significant gains in visualisation distance were observed in the posterior tibial vein (PTV) (p ¼ 0.0005) and peroneal vein (Per V) (p ¼ 0.02) with increased full visualisation of the Per V from (n ¼ 3) 25% to (n ¼ 7) 58%. Conclusion: CEUS is a viable and clinically safe method for increasing visualisation of the deep venous system. It has the potential to improve visualisation of the lower limb venous system, reducing follow-up costs and diagnostic uncertainty for patients and the clinician.
Introduction
Deep vein thrombosis (DVT) is a potentially fatal condition with complications such as pulmonary embolism (PE) and debilitating post-thrombotic syndrome. 1 It is a common condition, affecting around 1-2% of the population. 2, 3 Venous stasis, endothelial injury and hypercoaguability has long been associated with the pathogenesis of venothromboembolism as described in Virchow's triad. 4 Utilising this description, DVT may be seen to be 'provoked', due to a transient or discrete event, or 'unprovoked', without any identifiable root cause or secondary to malignancy. Examples of transient risk factors include pregnancy, immobilisation post-surgery and trauma. 5 Although conventional venography remains the 'gold standard' for diagnosing DVT, it is invasive and exposes patients to ionising radiation. 6 Currently, Duplex ultrasound is the investigation of choice as it is widely available and does not involve ionising radiation. The overall specificity of ultrasound is around 94%. 7 The sensitivity, however, for thrombus detection in the lower limb varies hugely depending on the location; for proximal lower extremity, the sensitivity is around 95%, dropping to 64% in the distal lower extremity. 7 Furthermore, the image resolution and penetration depth of ultrasound can be suboptimal in many patient groups, such as in the obese population or those suffering peripheral oedema secondary to dependent factors or heart failure. This will limit the ability to identify deep underlying structures such as vessels in these patients. 8, 9 With the proportion of overweight patients (inclusive of those who are obese) increasing from 57.6% to 67.1% and 48.6% to 57.2% in the male and female populations, respectively between 1993 and 2013, 10 diagnosing this incapacitating and potentially fatal condition in these patients is going to be an increasing challenge.
Clinically high-risk patients are determined by a combination of standardised clinical algorithm (two-level Wells score) 11 and serum D-dimer. 12 This may lead to serial duplex ultrasound scanning as per NICE guidance with the patient having a repeat scan in 6-8 days if the Ddimer is positive in the presence of a negative proximal ultrasound scan. 1, 13 These patients are put on anticoagulation therapy, most commonly a therapeutic dose of subcutaneous low molecular weight heparin during this period. As a result, they are at risk of complications from the anticoagulation therapy, such as haemorrhage and heparin-induced thrombocytopenia. 14, 15 On a practical level, these patients need to attend hospital clinics repeatedly if treated in the community or be admitted as inpatients for the administration of heparin. All of these not only cause discomfort and inconvenience to the patient, but also incur costs to the health service and the patient. Nonetheless, the uncertainty of a diagnosis can cause stress and anxiety to the patient.
With this background, ways to improve the sensitivity and specificity of distal lower extremity DVT detection is both beneficial to the patient and the healthcare system. In recent years, contrast-enhanced ultrasound has become an increasingly accepted adjunct for diagnostic imaging. It is well tolerated, non-nephrotoxic and is substantially cheaper than investigations such as CT and MRI. 16 Contrast-enhanced ultrasound (CEUS) allows the assessment of real-time enhancement patterns without the need to pre-define scantime points or to perform bolus tracking. Contrast acts as an echo-enhancing agent, which facilitates visualisation of deep-seated veins that return poor echosignals. 17 The aim of this study was to see whether it is feasible to use CEUS in identifying deep leg veins.
Materials and methods
Fifteen patients (mean age 66; range 49-84) deemed high risk for thromboembolic disease, as determined by clinical decision algorithm (Wells score) and/or raised serum D-dimer, were identified for this study.
All patients had a previously negative ultrasound. An approved informed institutional standardised consent on the utilisation of data for study purposes was obtained from each patient according to the World Medical Association Declaration of Helsinki (59th WMA Assembly, Seoul, 2008). Local Ethics and Research and Development approval was also obtained.
Ultrasound of the lower limb of these patients was performed with the patient in supine position with the affected leg externally rotated and marginally flexed. The patients were examined using B-mode compression sonography along the transverse plane. Colour/power Doppler analysis additionally was used down to the distal calf. Visualisation of the veins was recorded and a measurement was made from the crease of the knee in the popliteal fossa to the extent that the calf veins could be visualised. Results were mapped onto a pro-forma.
After initial assessment with B-mode ultrasound and/or colour Doppler, a single bolus of 5 ml of sulfur hexafluoride contrast agent (SonoVue, Bracco International B.V.) was given intravenously via a cannula in the upper extremity. The examination was then repeated as before.
Patency in this study was defined as compressibility, combined with the presence of flow on colour Doppler if there is clinical uncertainty. Patency in CEUS relates to contrast visibility and compressibility if there is clinical uncertainty.
All ultrasound examinations were performed using a Toshiba Aglio XG (Toshiba Medical Systems, Crawley, UK) or Philips IU22 (Philips Healthcare, Guildford, UK), and a 3-5 MHz curvilinear array transducer. A standardised mechanical index (MI) setting of 0.08 was applied as recommended by the vendor. Images were produced in a contrast agent sensitive harmonic imaging mode, together with corresponding B-mode images and stored in the hospital Agfa Impax PACS system (Agfa Healthcare, Mortsel Belgium) ( Figure 1 
Results
Twelve of the 15 patients (12 limbs) recruited were included in this study (male n ¼ 6; female n ¼ 6).
Of the three excluded, one was excluded due to failure to obtain IV access, another was withdrawn from the study as there was optimal visualisation of the leg veins on the initial B-mode imaging and the third patient was excluded due to extensive dressing on the lower leg due to overlying soft tissue damage precluding ultrasound scanning of the region. A Wilcoxon signed rank test was performed to analyse the pre-and post-contrast data in the calf vessels (Table 1) . A single bolus of 5 ml Sonovue was sufficient in all cases to provide good venous opacification. No new DVT was identified on the follow-up studies.
For the proximal lower limb, the common femoral vein (CFV) was visualised in 100% of cases pre contrast with no additional benefit gained with contrast administration. The femoral vein (FV) and the popliteal vein (Pop V) demonstrated a pre-contrast observation of 67% (n ¼ 8) and 83% (n ¼ 10) along their whole lengths, respectively. Contrast administration improved visualisation to 100% for both veins.
Contrast administration provided statistically significant improvement in calf vein visualisation extent with a maximum gain of 39 cm in a single case ( Figure 2 ). There was improved visualisation of the posterior tibial vein in all of the candidates, with a mean gain in the distance visualised of 18.8 cm (p ¼ 0.0005). Increased full visualisation of peroneal veins was demonstrated, improving from 25% (n ¼ 3) to 58% (n ¼ 7). Statistically significant gains in distance were demonstrated in these patients with a mean gain of 10.6 cm (p ¼ 0.02). In total, 60 veins (5 veins in each of 12 patients) were followed along the whole leg from groin to distal calf in the completed study. Of these, 43 were fully visualised pre-contrast and 55 post-contrast, corresponding to an improvement in full visualisation from 71.6% to 91.6%.
No anatomical variants or DVTs were identified on B-mode/colour Doppler imaging or CEUS.
Discussion
The use of CEUS to detect DVT is not a novel idea. A previous study by Bucek et al. 18 showed the efficacy of CEUS in improving the diagnostic quality of Doppler images in DVT in 20 patients. They showed that the image quality of Doppler ultrasonography improved in 65% of scans and the specificity of detecting a calf vein thrombosis improved from 25% to 67% without compromising the sensitivity. However, the contrast agent used in their study, Levovist (Berlex, Canada Inc.), a first generation air-based microbubble contrast agent, is a poor real-time agent and requires high output harmonic modes. 19 To overcome the problems of the contrast agent's pharmacokinetics, the authors used a continuous IV infusion throughout ultrasound scanning to allow optimal enhancement. 20 As giving a continuous IV infusion during ultrasound examination is cumbersome and time consuming, let alone requiring additional nurses or doctors, it is impractical in everyday clinical practice. Furthermore, Levovist requires a high MI for optimal visualisation. Although the majority of the microbubbles remain within the vascular compartment, it has been demonstrated that microbubbles can be taken up by hepatic and splenic tissue. 19 Using high MI ultrasonography can potentially cause tissue and organ damage. 21, 22 In our study, a second generation contrast agent was used (SonoVue, Bracco International B.V.). This contrast agent is more suitable for real-time scanning, is responsive at low MI and has an excellent safety profile. 19 Spiss et al. 23 have used this second generation contrast agent on three healthy volunteers and have demonstrated the feasibility of using this contrast agent.
Our study not only confirmed the feasibility of using CEUS for imaging the deep veins of the lower limb in a larger cohort, but we have also demonstrated that CEUS is superior to conventional B-mode and colour Doppler imaging. Unlike Spiss' study, we have opted to use the low frequency 3-5 MHz curvilinear probe rather than the 9-3 MHz broadband linear probe. This is because the 3-5 MHz curvilinear probe provides better penetration and is particularly advantageous because many patients with suspected DVT have clinically oedematous legs and the linear probe lacks the capacity to visualise deeper structures. Therefore, in our clinical practice, when looking for DVT in technically difficult lower limbs, we utilise a 3-5 MHz curvilinear probe to good effect.
Although one of the larger feasibility studies to date, this still remains a small cohort of patients and a Table 1 . The number of veins (n) fully visualised and distances observed pre-and post-contrast administration in the lower limb further study is required to confirm the efficacy of CEUS in the detection of DVT. Our patients were recruited in a hospital setting and a further population could be accessed in the community where frequent repeat ultrasound studies are performed. At present, the study's ethics approval does not include pregnant patients. As previously stated, this is a high-risk population where this may be potentially useful or of some benefit. To our knowledge, DVT has not been visualised in vivo in humans utilising CEUS. 24 DVT has been described in mouse model studies as being visualised as a filling defect or intraluminal negative contrast in the presence of contrast agent. No DVT was identified in our study. In our experience, there are few technical issues regarding CEUS. However, one limitation in utilising CEUS is the difficulty in differentiating the anatomy of the arterial and venous systems on hard copy images. In real-time it is easy to identify the anatomy due to the direction of microbubble flow and the ability to augment through compression. Another potential pitfall is the presence of normal anatomical variation. 25 In the superficial femoral venous system a range of 6-46% of patients has been described as presenting with duplicated systems or multiple vessels. This is also demonstrated in the popliteal vein. This can be a problem even on B-Mode/colour Doppler imaging and there is always the possibility that a parallel deep system may be missed. However, in a single case, visualisation of the peroneal venous system was improved to demonstrate both peroneal veins compared to the single peroneal vein initially observed. Although not the primary motivation of the study, this may suggest CEUS may increase sensitivity of parallel venous systems that may be difficult to visualise with B-mode imaging alone.
Our results demonstrate that CEUS improves visualisation of the venous system in the proximal and distal lower limb and can potentially significantly increase the sensitivity for detecting DVT in patients where traditional B-mode may be unable to, for example in patients with high body mass index, peripheral oedema or diffuse inflammation. 13 The current NICE guidelines 13 recommend repeat lower limb ultrasound 1 week after an initial negative scan in high risk patients to look for possible clinically significant DVT propagation. This is to avoid time-consuming whole leg scanning and further unnecessary anticoagulation of patients. It is noted by the NICE guideline development group that proximal DVT scanning in the leg will not identify an isolated calf DVT. CEUS may help prevent serial DVT by providing improved real time visualisation and delineation of proximal venous anatomy with improved visualisation of the calf veins in a single scan. 23 This method, therefore, gives potential to save money to reduce out-patient follow-up for patients who are high risk for DVT, whilst giving clinicians and the patient peace of mind of increased diagnostic certainty in clinically difficult to examine limbs.
Conclusion
This study has demonstrated that CEUS improves visualisation of the deep veins of the lower limb, thereby increasing the confidence of excluding a DVT. Of the 60 veins studied in total, the number fully visualised increased from 43 (71.6%) to 55 (91.6%). Contrast sonovenography enabled full visualisation of the femoral and popliteal veins in 100% of our cases, whilst improving visualisation of peroneal veins and statistically improving vessel visualisation in all calf veins.
